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ABSTRACT
In Cryogenics V ol. 96 (2018) pp.83-89, a technique is described which enables continuous 

cooling in space to sub-kelvin using two expansion units which operate in counter-phase. Each 
unit needs two external coolers. In the present work attention is paid to the cooling chain between 
the expansion units and a 5 K  platform cooled by a pulse-tube refrigerator, for example. It will be 
shown that only two (and not four) J oule-Thomson (J T) coolers, each with the same input of liquid 
3He at 2 K  and 0.2 bar, are needed to cool the expansion units. These two J T coolers are alternatively 
switched between the units. No heat switches are needed to thermally connect/disconnect the J T 
coolers to the expansion cells. In addition to these two J T coolers, one more J T cooler is needed to 
close the gap between the platform at 5 K  and the liquid at 2 K .

INTRODUCTION
A technique [1] is described which enables cooling to sub-kelvin levels in space using expansion 

of ³He in superfluid ⁴He. In this paper this work is extended by taking into account some aspects of 
the cooling chain and suggesting some simplifications.

At the moment the preferred technology to cool to around 50 mK  in space is Adiabatic Demagne-
tization Refrigeration (ADR)[2,3,4,5].  In ADR superconducting magnets with magnetic fields of one 
and even three tesla are needed which are periodically charged and discharged. They contribute to 
weight, volume (including a shield for the stray magnetic fields which can be as heavy as 5.5 kg), 
and energy demand. The technique proposed in this paper does not use a large magnetic field. As such 
it could be an alternative for ADR. The Lynx [2] and Origins missions [3] both need 6 μW at 
50 mK. In the present paper a cooling power of 10 μW at 50 mK is chosen as an example and it will 
be assumed that a 5 K  platform is available e.g. provided by a multistage pulse-tube refrigerator. [2]

THE CYCLE
A cooling unit consists of a reservoir (R), containing pure superfluid ⁴He, and an expansion 

cell (E), containing a ³He-⁴He mixture, which are connected by a superleak. Figure 1 illustrates  
how the temperature TE and 3He concentration x E in E make a loop in the TE-x E diagram. The con-
centration x E is defined as x E =  n3E/(n3E+ n4 E) with n3E and n 4 E the amount of moles of 3He and 4 He in 
E respectively. As discussed in [1] during a→b→c 4 He is extracted from E by heating R. During 
c→d more 4 He is extracted keeping TE constant while still heating R and externally cooling E so 
that TE remains constant. During d→e→f 4 He is inj ected adiabatically in E by external cooling of 
R. During f→a more 4 He is inj ected by further cooling R. At the same time E cools the application. 
Together a→b→c→d form the compression phase (x E increases) and d→e→f→a the expansion 
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phase (x E  decreases). The parts of the cycle a→b→c and d→e→f are isentropic and c→d and f→a 
are isothermal. So, in the ideal case, the cycle is a Carnot cycle. The techniq ue has been studied 
ex tensively already 25 years ago by V oncken et al. for the purpose of reaching very low tempera-
tures in the dilute phase. [ 6]

Figure 2 shows the T E -T R  dependence. I t can be seen that T R  varies between 0.9 and 1.75 K for 
this cycle.

For a cycle time τ and a cooling power Q L  at temperature T L  in E  we need an amount of 3H e 
in E  given by

  (1)
 

with S mf and S ma the entropies per mole 3H e in f and a respectively. The thermodynamic data of the 
³He-⁴He mixtures for temperatures below 250 mK are obtained from [7]; above 250 mK from [8]. 
I n particular from Table 6 of [ 8]  at 500 mK S mf = S md=8.7 J/(molK). With S mf we can find the ³He 
concentration in point f:  x f= 2.9% from [ 7] . I n point a:  S ma= 14.7 J /(molK).

Fig u re 1 . The cycle in the TE-xE diagram. This figure is chosen for a low temperature of 40 mK and 
a high temperature of 400 mK to allow some margin for unforeseen thermal resistances.

Fig u re 2 . The cycle in the TE-TR diagram. During b→c→d→e the fountain pressure in R is equal to 
the osmotic pressure of the saturated dilute phase.

C21_002 3If τ=1 hour and Q L =10 μW we need n₃E  = 0.12 mol. With a molar volume of pure liquid ³He 
of 36.8 cm³ /mol this takes a volume of 4.4 cm³  which is the volume of the liq uid in E  in point d. 
I n a 1% mix ture (point a) the volume is 0.332 liter which is the minimum volume of E. We need 
n₄=99n₃ mol ⁴He to make a 1% mixture, so n₄=11.2 mol. This has a liquid volume of 0.328 liter 
which is the minimum volume R  should have.

The siz es, mentioned in this section are proportional to the cycle time. I n that sense the numbers 
can be considered as per cycle hour.

I n order to generate con t i n u ou s cooling the cooler consists of two units that work in opposite 
phase. I n an E -R  combination heat is pumped from 50 mK to 500 mK. E x ternal cooling is needed 
of R  during ex pansion (d→e→f→a) and of E  during compression (c→d). Figure 3 is a schematic 
drawing of the proposed system. In Figure 3 the liquids are distributed as they would on earth. In micro-
gravity the liquids will be distributed quite differently[1]. I t shows the situation that the application is 
cooled by the left unit where ⁴He is injected in E. The parts of the circuit, indicated by dotted lines, 
carry no flow. In the meantime the right unit is recovered.

The external cooling system uses ³He as the working fluid. The reservoirs are cooled by a JT 
cooler with a temperature of 0.9 K. The ex pansion cells are cooled by a J T cooler at 500 mK. The 
flows in the cooling circuits are directed by switching valves which could be piezoelectric bimorphs 
[ 9]  that can be regulated by the applied voltage. These switches are in series with the J T ex pansion 
valves.  I t is interesting to investigate whether the two valves can be combined into one with the 
option of having adj ustable J T valves. So the two J T coolers are alternatively switched between the 
respective reservoirs and ex pansion cells.

The heat switches between E  and the application are superconducting heat switches which are 
switched by magnetic fields in the 10 mT range. [10]

JT COOLING
The flow in the JT coolers is driven by sorption pumps to be discussed later. The 3H e vapor 

pressure at 500 mK is 20.5 Pa. The 3 H e vapor pressure at the minimum temperature of R  (0.9 K) is 
694 Pa. Usually a heat exchanger between the hot and cold flow channels is an important component 

Fig u re 3 . System layout. Left: the ER combination is cooling the application. Right: the combination 
is recovering. Red arrows are heat flows, black arrows are helium flows. In the tubes, indicated by dotted 
lines, the flow is zero. The compressor unit is described in Figure 5 . The labels k, l, and m refer to Figures 
4 and 5.
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C21_002 4of JT coolers, but in these cases heat exchangers are not really necessary. Furthermore the pressures 
are so low that very wide channels would be needed which would prevent good heat ex change. 
Therefore we will consider the system without ex changers here.

First we look at the cooling requirements of E. The cooling cycle of Figure 1 is a Carnot cycle 
so the ratio between the adsorbed heat at 50 mK and the heat rej ected 500 mK is eq ual to the ratio 
of the two temperatures; in this case a factor ten. As we aim for a cooling power of 10 μW at 
50 mK the heat rate to be absorbed at 500 mK is QE=100 μW.

With H m  the molar enthalpy of pure 3He Figure 4 is a H m -T diagram, obtained from [ 11] , show-
ing the relevant isobars and the coex istence region. I t will be assumed that the compressor unit 
delivers liq uid 3He at a pressure of 0.2 bar and a temperature of 2 K (point m in Figures 4 and 5). 
The cooling power of the ³He flow rate nE in the JT-cooling circuit for E is given by

  (2)
 

The enthalpy of the saturated liq uid at 2 K (point m ) is H ml(2K)= 9.89 J /mol which is also the en-
thalpy of the liq uid/gas mix ture leaving the J T valve. The enthalpy of saturated ³ H e gas at 500 mK 
(point k) is H mg(0.5K)=30.55 J/mol. With Equation 2 this means that n E  = 4.84 μmol/s.

Now we look at the cooling requirements of R which is at 1.84 K when it is full (Figure 1, point 
d). The molar internal energy of pure 4H e at 1.84 K is 3.8 J /mol. I n point a, R  is empty. To remove 
the internal energy of 11.2 mol at 1.84 K in 1 hour asks for an average cooling power of Q R  = 12 mW.

The molar enthalpy of the liq uid/gas mix ture leaving the J T valve is the same as in point m  of 
Figure 4 (9.89 J/mol). Now suppose that the pressure at the exit of the JT valve of the reservoir cool-
ing channel is j ust below the saturated vapor pressure of ³ H e at 0.9 K (696 Pa) but for convenience 
we will take 700 Pa. The enthalpy of saturated ³ H e gas at 0.9 K (point l ) is H mg(0.9K)= 37.9 J /mol. A 
heat load of 12 mW needs a ³He flow rate in the JT cooling circuit of n R  =  Q R /(H mg(0.9K)-H ml(2K)) 
= 428 μmol/s.

There are liquid-gas mixtures leaving the JT valves. This can be beneficial for the heat exchange 
between the object to be cooled and the cold fluid e.g. if the object is covered by a porous layer 
(such as sintered copper powder) that attracts the liq uid by the capillary force.

Fig u re 4 . H m - T  diagram with the relevant isobars. The labels k-q refer to Figure 5.

C21_002 5

COMP RE SSOR UNIT
The gases are compressed by sorption compressors which are discussed here in more detail. 

There are three adsorption compressors, shown in Figures 5, which run through cycles which are 
described in Table 1. U nfortunately the data about the adsorption properties of ³ H e on adsorbates 
is scarce. However, there is evidence that the adsorption properties of ³He and ⁴He are almost the 
same. First of all Daunt et al. [12] measured the adsorption properties of ³He and ⁴He on zeolite. It 
turns out that the adsorption properties of ³He and ⁴He, if expressed in mol per gram zeolite, almost 
coincide. D uband et  a l. made a similar observation [ 13] . So we will base our numerical estima-
tions on the measurement of the adsorption properties of ⁴He in particular by [14]. The cycles are 
indicated in Figure 6. The resulting numbers are given in Table 2.

The aftercooler should have a temperature that is so low that the helium leaving V 4 liquefies 
at a pressure of 0.2 bar. That means that the pressure at point p  in Figures 4 and 5 should be below 
0.2 bar. H ere is chosen for a pressure of 0.1 bar with a corresponding temperature of 1.7 K which 
is well below the req uired 2 K.

The buffer volumes, indicated in Figure 5, reduce the pressure buildup during the times that the 
suction valves V 1,3,5 are closed. The siz e of these volumes depends on how much pressure oscilla-
tions can be tolerated. E.g. the volume of the gas flow of 4.84 μmol/s in the 20 Pa channel in one 

Table 1. Valve, heater, heat-switch positions, and temperature evolution during the cycles given in 
Figure 6. Ta is the temperature of the adsorber.

Fig u re 5 . Adsorption-pump layout. The labels k-q refer to Figure 4. Not shown is that the 3He, leaving 
the charcoal pumps at V2,4,6, is cooled by the 5 K platform.
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hour at 0.5 K is 3.6 liter and the flow of 368 μmol/s at 700 Pa and 2 K gives a volume of 32 liter. 
If the volumes of the buffers would be too big it is an option to store the helium as a liquid instead 
of as a gas. Another option is to synchronize the cycles of the charcoal pumps with the expansion 
cycles and close the suction valves when the demand for cooling by E or R is small or zero. One 
can avoid the buffers altogether by splitting the sorption compressors in two compressor units that 
work in opposite phase.

The amount of 3He determined by flow rate n E has to be stored in the absorber of the low-pressure 
stage of the pumping system. If the cycle time of the charcoal pump is 1 hour this corresponds with 
17.4 mmol of ³He. With 20 mmol ³He per gram charcoal per cycle we would need about one gram 
of charcoal. For the medium-pressure circuit in one hour we need to adsorb 3600×(4.84+428)×10⁻⁶=1.56 mol. 
With 20 mmol/g per cycle we would need 1560/20 = 78 gram of charcoal.

The high-pressure cycle needs to cool a flow n E+ n R at 20 kPa from 5 K  to liquid at 2 K . This R at 20 kPa from 5 K  to liquid at 2 K . This R
requires a cooling power of (n E+ n R)(H)(H)( m(5K ,20kPa)- H m(2K,20kPa)) = (4.84+428)×10⁻⁶×(121.9-9.9) 
= 48 mW . The maximum cooling power at 2 K in the high-pressure circuit is equal to the enthalpy 
difference between 0.1 and 2 bar at 5 K [15] which is 121.9-97.2=24.7 J/mol. So the minimum 

Table 2. Estimated values of the compressor properties as given in Figure 6 based on [14]. The dif- Estimated values of the compressor properties as given in Figure 6 based on [14]. The dif- Estimated values of the compressor properties as given in Figure 6 based on [14]. The dif
ferences between adsorption (s→t) and release (u→v) adsorption rates are about 20 mmol 3He per gram 
charcoal.

Figure 6 . Adsorption isotherms of Barnebey-Cheney [14]. The three pumping/compression cycles are 
shown. In this example a platform temperature (points t) of 5 K and exhaust temperatures of 25 K (points 
v) were chosen.  Strictly speaking these curves should include not just the adsorbed helium but also the 
helium in the free volume of the cell.
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circulation rate in the high-pressure circuit is 48/24.7 = 1.94 mmol/s; in 1 hour 7 mol. With an ef-
fective adsorption capacity of about 20 mmol/g this requires 351 gram charcoal. With an apparent 
density of 382 kg/m3 [14 ] this takes a volume of 910 cm3.

DI SCU SSI ON

Ads orp tion p um p s
The three adsorption pumps operate between the same temperature levels (5 K  and 25 K ). If 

their operation cycles are also synchronized it is an option to put all three in one casing with only 
one heat switch.

G enerally speaking one should keep the recovery times (during t→u→v→s) as short as pos-
sible. In this respect it is interesting that graphite has a finite electrical resistivity so that it can be 
warmed up by sending an electrical current through it so that the graphite heats itself during t→u→v 
and we don’t have to deal with the thermal penetration depth as in the case the graphite is heated 
from outside.

Adsorber
The adsorption energies of carbon and zeolite are very high. This leads to a significant heat 

load during the adsorption and high temperatures are needed to desorb the helium. In our example 
this is 25 K. First heat has to be supplied to warm the container with its content up to 25 K and 
then the hot gas and the container have to be cooled to 5 K . Thus the high adsorption energies lead 
to a significant reduction of the system efficiency. Furthermore it extends the cycle time which in 
turn affects the amounts of charcoal and helium needed and the size of the system. It may be worth 
finding absorbers with lower adsorption energies. It may be hard to find solids with a smaller Van 
der Waals attraction than graphite or zeolite. So one might consider coating the absorber with a 
monolayer of argon, neon, or ⁴He by adding a specific amount of one of these gases to the ³He in 
the pumping units so that a monolayer is formed on the absorber.

Thermal buffer
It is possible to obtain continuous cooling with only one E-R unit if a thermal buffer, with a 

high heat capacity, is put in between the application and E. The buffer has to stays below 50 mK 
during a complete cycle of the expansion unit. A heat switch between the buffer and the expansion 
cell thermally connects E with the buffer during the cooling period of the cycle and disconnects it 
during the recovery period. During the cooling period the cooler removes all the heat flowing into 
the buffer during one complete cycle. As a result of the oscillating temperature of the buffer the 
temperature of the application also varies. If that is a problem some control is needed to keep the 
application temperature constant which reduces the efficiency of the system.

If the cooling and recovery periods both take half an hour we have to deal with a heat load of 
10 μW during half an hour which corresponds with 18 mJ. E.g. FFA (FeNH₄ alum) has a molar 

P rop erty am ount
3He circulation rate in low-pressure channel 4.84 μmol/s
3He circulation rate in medium-pressure channel 428 μmol/s
3He circulation rate in high-pressure channel 1.94  mmol/s
charcoal in low-pressure compressor 1 gram
charcoal in medium-pressure compressor 7 8 gram
charcoal in high-pressure compressor 351 gram
amount of 3He in one expansion cell 0.12 mol
amount 3He in compressors 8.5 mol

Table 3. Some estimated quantities based on a one hour cycle time.
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during the recovery period. During the cooling period the cooler removes all the heat flowing into 
the buffer during one complete cycle. As a result of the oscillating temperature of the buffer the 
temperature of the application also varies. If that is a problem some control is needed to keep the 
application temperature constant which reduces the efficiency of the system.

If the cooling and recovery periods both take half an hour we have to deal with a heat load of 
10 μW during half an hour which corresponds with 18 mJ. E.g. FFA (FeNH₄ alum) has a molar 

P rop erty am ou nt
3He circulation rate in low-pressure channel 4.84 μmol/s
3He circulation rate in medium-pressure channel 428 μmol/s
3He circulation rate in high-pressure channel 1.94  mmol/s
charcoal in low-pressure compressor 1 gram
charcoal in medium-pressure compressor 7 8 gram
charcoal in high-pressure compressor 351 gram
amount of 3He in one expansion cell 0.12 mol
amount 3He in compressors 8.5 mol

Table 3. Some estimated quantities based on a one hour cycle time.
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C21_002 8heat capacity of Cm=5 J/molK in the 50 mK range [16]. With a molar weight of 0.48 kg/mol this 
gives a specific heat capacity of FFA of 10.4 J/kgK. If we allow a temperature increase of 10 mK 
it can adsorb 0.1 J/kg. In order to adsorb 18 mJ, we would need 0.17 kg. With a density of 1710 kg/m³ 
this has a volume of 0.1 liter.

Instead of a thermal buffer one can also think of a demagnetization unit just like in the final 
stage of an ADR. As this operates around 50 mK it requires magnetic fields of only 0.1 T with mod-
est shielding (or compensating coils) and small energy demand and volume. As such the system 
would be a hybrid system with ADR and expansion units.

ACK NOW LE DGME NT
Y . Huang is acknowledged for kindly providing the He3Pak package. [11]

RE FE RE NCE S
1. de Waele, A.T.A.M., "Adiabatic expansion of 3He in 4He," Cryogenics V ol.9 6  (2018) pp.83-89.Cryogenics V ol.9 6  (2018) pp.83-89.Cryogenics V ol.9 6

2. DiPirro, M., Bandler, S., Li, X., Olson, J., Tuttle, J., Yoon, W., Zagarola, M., "Lynx x-ray microcalorim-
eter cryogenic system," Journal of Astronomical Telescopes,  Instruments,  and Systems V ol.5(2) (2019) 
021006-1-8.

3. O rigins Space Telescope O ST Interim Study R eport <https://asd.gsfc.nasa.gov/firs/docs/>.O rigins Space Telescope O ST Interim Study R eport <https://asd.gsfc.nasa.gov/firs/docs/>.O rigins Space Telescope O ST Interim Study R eport

4. Shirron, P.J., Canavan, E.R., DiPirro, M.J., Tuttle, J.G., and Yeager, C.J., "A multi-stage continuous-
duty adiabatic demagnetization refrigerator , "duty adiabatic demagnetization refrigerator , "duty adiabatic demagnetization refrigerator Adv. in Cryogenic Engineering V ol.4 5,  K luwer Academic/
Plenum Publishers, New Y ork (2000), pp.1629-1638.

5. Prouvé, T. et al. "Athena X-IFU 300 K-50 mK cryochain test results, " Cryogenics V ol. 112 (2020) 
10314 4  pp.1-8 and the references therein.

6. Voncken, A.P.J., and de Waele, A.T.A.M., "Adiabatic expansion of 3He in 4 He at very low temperatures, "
Journal of Low  Temperature Physics V ol. 100 (1995) pp.4 63-4 99.

7. Kuerten, J.G.M., Castelijns, C.A.M., de Waele, A.T.A.M, and Gijsman, H.M., "Thermodynamic proper-
ties of liquid 3He-4 He mixtures at zero pressure for temperatures below 250 mK  and 3He concentrations 
below 8% ," Cryogenics V ol.25 (1985) pp.4 19-4 4 3.

8. Chaudhry, G., and Brisson, J.G., "Thermodynamic Properties of Liquid 3He-4He Mixtures Between 
0.15 K  and 1.8 K , "0.15 K  and 1.8 K , "0.15 K  and 1.8 K Journal of Low  Temperature Physics V ol.155 (2009) pp.235-289. Note that the 
energy unit for the A-coefficients of the specific heat of ⁴He in Table 2 of this reference is mJ instead 
of J . 

9. Rafique, S., Piez oelectric V ibration Energy Harvesting Springer (2018) ISBN 978-3-319-69440-5, Piez oelectric V ibration Energy Harvesting Springer (2018) ISBN 978-3-319-69440-5, Piez oelectric V ibration Energy Harvesting Springer
ISBN 978-3-319-69442-9 (eBook) https://doi.org/10.1007/978-3-319-69442-9.

10. Pobell, F., Matter and Methods at Low  Temperatures (2007) §4.2.2. ISBN-10 3-540-46356-9 Springer 
Berlin Heidelberg New York.

11. Huang, Y.H., Chen, G.B., and Arp, V.D., Helium-3 Thermophysical Properties Program - He3 Pak
V ersion 2.0 Shanghai J iao Tong U niversity, 2009 (available from Horizon Technologies, L ittleton, CO, 
U SA, http: //www.htess.com.).

12. Daunt, J.G., and Rosen, C.Z., "Multilayer Adsorption of 3He and 4He on Zeolite from 4 K to 80 K , "Daunt, J.G., and Rosen, C.Z., "Multilayer Adsorption of 3He and 4He on Zeolite from 4 K to 80 K , "Daunt, J.G., and Rosen, C.Z., "Multilayer Adsorption of 3He and 4He on Zeolite from 4 K to 80 K
Journal of Low  Temperature Physics V ol.3 (197 0) pp.89-111.

13. Duband, L., Alsop, D., Lange, A., and Kittel, P., "A rocket-borne 3He refrigerator, "Duband, L., Alsop, D., Lange, A., and Kittel, P., "A rocket-borne 3He refrigerator, "Duband, L., Alsop, D., Lange, A., and Kittel, P., "A rocket-borne 3He refrigerator Adv. in Cryogenic 
Engineering V ol. 35 (1990) pp.14 4 7 -14 56.

14. Vazquez, I., Russell, M.P., Smith, D.R., and Radebaugh, R., "Helium adsorption on activated carbons 
at temperatures between 4  and 7 6 K , "  Adv. in Cryogenic Engineering V ol.at temperatures between 4  and 7 6 K , "  Adv. in Cryogenic Engineering V ol.at temperatures between 4  and 7 6 K 33 (1988) pp.1013-1021.

15. de Waele, A.T.A.M., "Basic operation of cryocoolers and related thermal machines," Journal of Low  
Temperature Physics V ol.164  (2011) pp.17 9-236 DOI:  10.1007 /s10909-011-037 3-x.

16. Vilzhes, O.K., and Wheatley, J.C., "Measurements of the Specific Heats of Three Magnetic Salts at 
L ow Temperatures, " Physical R eview  V ol.14 8(2) (1966) pp.509-516.

C21_122
LOW-TEMP CRYOCOOLER DEVELOPMENT512




